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Electron-induced secondary electron emission (SEE) is the process by which electrons are emitted from a material as a result of ionization and/or excitation of the atoms within the target material by incident electron bombardment or as a result of backscattering of the incident electrons. SEE is important for a variety of applications, including Hall thrusters, 1,2 tokamaks, [3] [4] [5] plasma processing devices, 6,7 and particle accelerators. 8, 9 Electrons in the plasma with sufficient energy to overcome the sheath potential will impact the surface and cause secondary electrons to be emitted. The emitted electrons are cold, with electron temperatures of a few eV. SEE reduces the sheath potential and cools the electrons at the plasma edge, resulting in large power losses. 10, 11 Assuming the plasma electrons have a Maxwellian velocity distribution with temperature T e , the sheath potential at the wall drops as the SEE coefficient, c e (which includes both true SEE and electron backscatter 10 ), increases according to 11 / % ÀT e ln 1 À c e ð Þ ffiffiffiffiffiffiffiffiffiffi ffi M i 2pm e r " # ;
where c e is defined as the ratio of the emitted electron flux to the primary electron flux. The heat flux density to the wall from the plasma is 11 q ¼ 2kT e 1 À c e À e/ C i ;
where C i is the ion flux to the surface. It follows from Eqs.
(1) and (2) that as c e approaches one, the power losses become large. This is problematic for all plasma devices, and therefore, it is crucial that the SEE coefficient remains below one. One candidate for the plasma-facing material in advanced divertor concepts for magnetic fusion devices is lithium, which has a maximum SEE coefficient of 0.56 when metallic. 12 Lithium effectively traps and retains hydrogen ions that escape the fusion plasma, which results in a low recycling wall and has led to improved plasma performance on a variety of fusion devices. 13 Although the SEE coefficient for pure Li is below the critical value of one for all incident electron energies, the SEE coefficient exceeds one for incident electron energies as low as 20 eV when Li is oxidized. 12 Li is very reactive, and recent surface science experiments show that a Li film 5 nm thick will be completely oxidized after exposure to 20-40 L (1 L ¼ 1 Â 10 À6 Torr s) of O 2 or water vapor.
14 That is, a 5 nm thick Li film will be oxidized in 20-40 s at a water partial pressure of 10 À6 Torr. Such exposures are common in fusion devices, which have pressures of 10 À6 to 10 À5 Torr between plasma shots. Therefore, it is unrealistic to expect pure Li walls to exist at the plasma boundary in these devices. It is imperative that Li walls be considered as a mixed material containing both Li metal and Li oxide.
Previous models have predicted that SEE may be suppressed in fusion devices by the magnetic field, which causes emitted electrons to recycle back to the surface via Larmor gyration around magnetic field lines. 15 maximum value less than or equal to one because it is characteristic of graphite. 16, 17 Given that yields for realistic Li surfaces may exceed one at low primary electron energies, it is important to reconsider these results for wall materials with larger yields. In their model, Mizoshita et al. consider a fixed electric field at the wall without accounting for the effects of SEE on the sheath, and they do not consider primary electrons at grazing incidence, which will enhance the yield. 18 SEE yields of Li were measured by Bruining and de Boer for pure and impure Li surfaces at electron energies ranging from 20 to 900 eV (Ref. 12) and inferred by Oyarzabal et al. from I-V curves of a Li target immersed in He and Ar plasmas for energies up to 120 eV. 19, 20 The surface composition was not measured in either study, and no data exist on the impurity level of these surfaces. However, the yield results varied considerably between the "pure" and "impure" surfaces. For example, the maximum yields were measured as 0.56 and 4.2 for pure and impure Li, respectively. 12 These results represent the lower and upper bounds of SEE coefficients for Li; however, no results of realistic Li surfaces containing a mixture of Li metal and oxide are available to date. In this work, total electron yields (TEY) of different Li surfaces are measured for primary electron energies of 25-600 eV.
In order to measure the yield as a function of composition, it is necessary to perform in situ measurements of the surface during yield measurements. This was achieved in this work by conducting experiments in an ultrahigh vacuum (UHV) chamber equipped with Auger electron spectroscopy (AES) for surface compositional analysis and a retarding field analyzer for yield measurements. The effect of Li composition on total electron yield was determined by introducing controlled amounts of O 2 and H 2 O vapor.
Experiments were performed at the Princeton Plasma Physics Laboratory in a stainless steel UHV chamber with a base pressure of 5 Â 10 À10 Torr pumped by a 170 l/s turbomolecular pump and 440 l/s ion pump. The chamber was equipped with a Physical Electronics, Inc. (PHI) model 255G cylindrical mirror analyzer for AES, PHI model 15-120 low energy electron diffraction (LEED) optics, a tectra GenII electron cyclotron resonance (ECR) plasma source, and a UTI 100C quadrupole mass spectrometer (QMS) used for temperature programmed desorption (TPD) studies. A Ni(110) single crystal polished to a surface roughness of less than 0.01 lm was used as the substrate material. The Ni sample was mounted between two Ta posts by spotwelding to 0.015-in. diameter Ta wires. The sample was sputter cleaned with 1-keV Ar þ ions from the ECR plasma source to remove sulfur impurities, and cleaned of oxygen and carbon contamination by flashing to 1150 K.
Lithium was deposited onto the Ni sample by thermal evaporation from a SAES Getters alkali metal dispenser while the sample was held at room temperature. 21 The Li film thickness in our experiments was determined using TPD, which was conducted by resistively heating the sample with a 7-10 K/s linear temperature ramp up to 1300 K while monitoring the Li (m/q ¼ 7) signal with the QMS while the sample was in direct line of sight of the ionizer. Temperature control was implemented using a Eurotherm 3508 PID controller, and temperature was monitored using a type C thermocouple spot-welded to the back of the Ni sample. The film thickness was calculated by comparing the total area under the Li desorption curve to the integral of the Li monolayer desorption curve. 22 The amount of Li measured was converted to a film thickness assuming the metallic radius of Li is 1.52 Å (Ref. 23 ) and the lattice parameter of Li 2 O is 4.62 Å . 24 Results are shown in Fig. 1 for a 25-nm Li film on Ni(110). The low temperature peak, at 600 K for this Li coverage, represents desorption of Li from a multilayer Li film. 22 The peaks at 770 and 910 K correspond to the decomposition and desorption of Li oxide. 25 The films studied here include Li oxide films 10 nm thick and mixed films of Li metal and Li oxide 25 nm thick. It is known that surface roughness affects TEY; however, the effects have been shown to be negligible for a surface roughness of less than 100 nm. 26 Given that the roughness of the Ni substrate in this work is less than 10 nm and the Li films are 10-25 nm thick, the roughness of these Li surfaces is much less than 100 nm. Additionally, the Li films appear continuous as evidenced by the absence of Ni peaks in the AES spectra shown in Fig. 4 . The effects of surface roughness on the TEY measurements presented here are therefore negligible.
The penetration depths of electrons in these films were determined using CASINO v2.48, a publicly available program based on the Monte Carlo method, 27 to ensure that there are no contributions to the yield from the Ni substrate. The most probable depth for 600 eV electrons in pure Li is 39 nm and the maximum penetration depth is 56 nm. In Li 2 O, the most probable penetration depth of 600 eV electrons is 10 nm and the maximum depth is 17 nm. For mixed films, assuming a 5-nm thick film of Li 2 O on Li, the most probable and maximum penetration depths of 600 eV electrons are 25 and 40 nm, respectively. The film thicknesses used in this work are close to these calculated penetrations depths; however, the region of interest in this work is where the yield approaches the critical value of c e ¼ 1, which   FIG. 1 . TPD trace from a 25-nm Li film on Ni(110). Desorption of the multilayer starts at 500 K, and decomposition and desorption of Li oxide occurs at 770 and 910 K. occurs at low energies (less than 200 eV). The maximum penetration depth for 200 eV electrons in Li films is 8 nm, and therefore, the films generated in this work are thick enough to provide reliable yield data at low energies near the critical yield of c e ¼ 1.
Total electron yield was measured with the LEED optics, which contains an electron gun used to produce primary electrons with energies up to 600 eV. The primary electron current, I PE , was measured by biasing the sample to between þ50 and þ150 V to suppress SEE. The SEE current, I SE (which includes both secondary and backscattered electrons), was measured with the sample at room temperature using two methods for improved accuracy:
3,28-30 (1) sample method and (2) collector method. In the sample method, the current measured on the sample when grounded or biased slightly negative (i.e., to À20 V), I s , is due to incident primary electrons and emitted secondary electrons such that I s ¼ I PE -I SE . The total electron yield is then
In the collector method, the surfaces of the LEED optics (i.e., hemispherical concentric grids and a final hemispherical screen) collect electrons emitted from the sample such that I LEED ¼ I SE and
To increase collection of electrons beyond the 120 angle of the LEED optics, the first grid, G1 in Fig. 2 , was biased to þ36 V. A Keithley 2410 sourcemeter was used to bias the sample and measure I s . A Keithley 6485 picoammeter was used to measure current to the optics. Figure 3 shows the total electron yield measured using the collector method as a function of primary electron energy for Li films 10-25 nm thick. The results for the sample method are not shown, but are within 10% of the values for the collector method. The experiments were benchmarked against data from Mayer and Weiss 31 for Ni(110) at an angle of 50 (Fig. 3, inset) . For fully oxidized Li, two datasets were collected for each film over a 1-h time period and no change in the yields was observed, indicating that charging does not occur for these films. This may be the result of electron tunneling, which can occur in lithium oxide films 5-10 nm thick. 32, 33 Curves (a) and (f) in Fig. 3 represent previous results from Bruining and de Boer 12 for pure and impure Li films, respectively, and are plotted for comparison. Curves (b) and (c) are Li films 23 and 25 nm thick, respectively, that were exposed to an outgassing event during Li deposition that led to some oxidation of the surface. TPD was performed after yield measurements, and the results indicated that both metallic Li and Li oxide were present in the films. The Li/LiO x ratios in films (b) and (c) were 4.8 and 1.8, respectively (i.e., 17% and 37% of films (b) and (c) were oxidized). TPD results for film (c) are shown in Fig. 1 Curve (d) shows yield results for a 10-nm thick Li film that was oxidized by evaporating Li onto the Ni sample in a background of O 2 gas (99.999%, Specialty Gases of America) at a partial pressure of 1 Â 10 À7 Torr for 15 min (i.e., 90-L O 2 exposure) while the sample was held at a constant temperature of 300 K. Curve (e) shows results of an 11-nm thick Li film that was oxidized by evaporating Li onto the Ni sample in a background of water vapor (prepared using a freeze-pump-thaw degasification procedure in a Schlenk flask) at a partial pressure of 1 Â 10 À7 Torr for 15 min (i.e., 90-L H 2 O exposure) with the sample held at a temperature between 180 and 200 K. The deposition was performed in this way to ensure complete oxidation of the Li films in order to obtain an upper bound on the total electron yield. The yields of films (d) and (e) match those of Bruining and de Boer 12 for their impure Li film, particularly at low energies (less than 150 eV). The relative error in the yield measurements for film (d) is 5%-10% for all energies, and the relative error for film (e) is 10%-20% for energies less than 200 eV and less than 10% for energies greater than 200 eV.
AES spectra of films (d) and (e) are shown in Fig. 4 along with a pure Li film 30 nm thick for comparison. Some fluorine is present in the AES spectrum for film (d), which may be the result of exposure to an outgassing event by a polytetrafluoroethylene component that occurred prior to yield measurements. Post-experiment TPD measurements of films (d) and (e) indicate full conversion of both films to Li oxide, and no metallic Li was detected. For these fully oxidized films, the critical yield of c e ¼ 1 is reached for electron energies below 25 eV.
Hoenigman and Keil determined by using X-ray photoelectron spectroscopy that a 1-monolayer Li film exposed to between 5 and 100 L of O 2 resulted in the formation of Li 2 O. 34 The results of Fig. 3 indicate that the total electron yield from Li increases after exposure to O 2 and H 2 O, and the energy at which c e ¼ 1 decreases with oxygen content. These results are in agreement with Bruining and de Boer, 12 but contradict the conclusions of Oyarzabal et al., 19 which were based on sputter times of oxidized Li immersed in a He plasma. No direct measurements of oxygen contamination in the Li were reported by Oyarzabal, and it is not clear if the He plasma was effective at sputtering the oxygen or if it introduced more impurities due to the high gas pressure. In this work, we presented yield measurements in addition to AES and TPD spectra of oxidized Li films. The lowest yield (with a maximum of 1.1) was measured for a Li film that was 17% oxidized. The energy at which c e ¼ 1 was 145 eV for this film. The highest yield (with a maximum of 4.1) was measured for the fully oxidized film, and the energy at which c e ¼ 1 was less than 25 eV for this film. Therefore, when modeling the plasma-wall interactions in devices with Li walls, it is important to consider the higher yield for oxidized Li presented herein, as this is more representative of the actual Li state in devices with realistic vacuum systems. It is necessary to consider SEE because it can reduce the sheath potential and produce significant power losses for incident electron energies as low as 20 eV. 
